Alkalispirochaeta cellulosivorans gen. nov., sp. nov., a cellulose-hydrolysing, alkaliphilic, halotolerant bacterium isolated from the gut of a wood-eating cockroach (Cryptocercus punctulatus), and reclassification of four species of Spirochaeta as new combinations within Alkalispirochaeta gen. nov. 
and many are yet to be cultivated (Bloodgood & Fitzharris, 1976; Breznak & Pankratz, 1977; Paster, 2010) . Spirochaetes (either symbiotic or free-living) are fastidious, and handling them is extremely difficult. Symbiotic spirochaetes have been found in the genera Spirochaeta, Treponema, Sphaerochaeta, Cristispira, Clevelandina, Diplocalyx, Hollandina and Pillotina, which belong to the family Spirochaetaceae (Bermudes et al., 1988; Graber et al., 2004; Shivani et al., 2015; Sravanthi et al., 2015) . However, 16S rRNA gene sequences are available only for taxa belonging to the genera Spirochaeta, Treponema and Sphaerochaeta. Further, there is low 16S rRNA gene sequence identity (as low as 74.9 %) between some taxa of different genera in the family Spirochaetaceae, which necessitates their reclassification into more than one class (Yarza et al., 2014) . Our group is investigating the cultivable spirochaetes associated with termites, woodeating cockroaches and molluscs, and we recently described a novel species, Spirochaeta odontotermitis, isolated from a termite gut (Sravanthi et al., 2015) . Through this communication, we add another halotolerant, alkaliphilic species, isolated from the hindgut of a wood-eating cockroach, and propose a new genus in the family Spirochaetaceae.
Strain JC227
T was isolated from the hindgut of Cryptocercus punctulatus (Scudder) from the Rann of Kutch (GPS position: 238 509 52.080 N, 698 439 53.620 E) after performing an enrichment in an alkaline medium (Sravanthi et al., 2015) where starch was replaced by cellulose (5 g l
21
). The composition of the basic alkaline medium was as follows (g l 21 ): Na 2 CO 3 (2); NaHCO 3 (4.5); NaCl (48); NH 4 Cl (0.5); KH 2 PO 4 (0.3); MgCl 2 . 6H 2 O (0.2); resazurin (0.001); yeast extract (0.5); sucrose (5); SL7 (trace elements solution; 1 ml) [SL7 contained (unless indicated, mg l 21 ) HCl (25 %, v/v) (Wolin et al., 1963) . Autoclaved Na 2 S . 9H 2 O (0.5 g l
) was added separately after sterilization. The final pH of the medium was 11-12.5. Isolation and maintenance of a pure culture were done in an alkaline medium (pH 10.8; Sravanthi et al., 2015) under strictly anaerobic conditions, and the strain was subjected to a polyphasic analysis. Pure cultures were obtained by periodic transfers (dilution to extinction; 3-5 cells ml
) in serum vial bottles containing alkaline basic medium under strictly anaerobic conditions. Pure cultures were maintained by routine transfer into fresh medium.
Genomic DNA was extracted and purified according to the method of Marmur (1961) and the G+C content of the DNA of strain JC227 T was 55.5 mol%, as determined by HPLC (Mesbah et al., 1989) . The almost-complete (1446 bp) 16S rRNA gene sequence of strain JC227
T was obtained by PCR as described previously (Venkata Ramana et al., 2012; Sravanthi et al., 2015) . Identification of phylogenetic neighbours and calculation of pairwise 16S rRNA gene sequence similarity were achieved using the EzTaxon-e server (Kim et al., 2012 (Tamura et al., 2011) was used for sequence alignments, and phylogenetic analysis of the individual sequences was performed using MEGA5 software. Distances were calculated by using Kimura's correction in a pairwise deletion manner (Kimura, 1980) . Neighbour-joining (NJ), minimum-evolution (ME) and maximum-likelihood (ML) methods in the MEGA6 software (Tamura et al., 2011) were used to reconstruct phylogenetic trees. Percentage support values were obtained using a bootstrap procedure. The combined phylogenetic tree (NJ, ML and ME) confirmed the clustering of strain JC227
T with members of the genus Spirochaeta (Fig. 1) , and the sequence similarities between strain JC227
T and its closest phylogenetic neighbours are in agreement with the Ez-Taxon-e BLAST search analysis. Strain JC227 T , along with S. sphaeroplastigenens JC133 T , S. odontotermitis JC202 T , S. alkalica Z-7491 T and S. americana ASpG1 T , formed a distinct clade away from most other members of the genus Spirochaeta.
Genome relatedness determined as DNA-DNA hybridization according to the procedure of Tourova & Antonov (1987) (as described previously by Sravanthi et al., 2015) between strain JC227 T and S. sphaeroplastigenens JC133 T , S. odontotermitis JC202 T , S. alkalica DSM 8900 T and S. americana DSM 14872 T was 62¡2, 63, 58¡2 and 48¡4 %, respectively. In the reciprocal reaction, the reassociation values between S. sphaeroplastigenens JC133 T , S. odontotermitis JC202 T , S. alkalica DSM 8900 T and S. americana DSM 14872 T and strain JC227 T were 60¡2, 63, 56¡2 and 50¡2 % respectively. The low DNA-DNA relatedness is in agreement with the assignment of the strain to a novel species (Stackebrandt & Goebel, 1994; Stackebrandt & Ebers, 2006 T is the cockroach gut; however, the nearest phylogenetic neighbours of strain JC227 T were isolated from alkaline soda lakes (Hoover et al., 2003; Zhilina et al., 1996; Reddy et al., 2013) or a termite gut (Sravanthi et al., 2015) . Strain JC227 T , like S. odontotermitis JC202 T , failed to grow on agar medium, which is in contrast to S. alkalica DSM 8900
T and S. americana DSM 14872 T , which form cotton-ball-like colonies in agar dilutions (Paster & Dewhirst, 2000) . Cells of strain JC227
T were tightly coiled ( Fig. S1 , available in the online Supplementary Material) and were similar to the cells of S. americana DSM 8900 T and S. odontotermitis JC202 T , while cells of S. alkalica DSM 14872
T were loosely coiled. Cells of all five strains were motile and exhibited typical helical movement.
The doubling time of strain JC202
T under optimal conditions [32 8C, 1 % (w/v) NaCl, pH 9.5] was about 6 h. Strain JC227
T required sodium and carbonate ions for growth. In contrast, chloride ions were not required for growth and could be replaced by sulfate ions in the medium, but this caused the cells to become straight and non-motile, a phenomenon also observed with S. americana DSM 14872 T and S. odontotermitis JC202 T . Spheroplast formation was absent in strain JC227
T . All five strains (JC227 T , S. odontotermitis JC202 T , S. sphaeroplastigenens JC133 T , S. alkalica DSM 8900 T and S. americana DSM 14872 T ) showed negative reactions for catalase, oxidase, indole production and gelatin hydrolysis. Growth was measured as total protein content using Lowry's method (Lowry et al., 1951) . Growth of the organisms was not dependent on yeast extract, and strain JC227
T showed good growth even in its absence. Strain JC227
T grew with D-mannitol, D-glucose, D-fructose, yeast extract, peptone, xylose, ascorbate, cellulose, cellobiose, casamino acids and sucrose as sole sources of carbon.
Members of the phylum Spirochaetes are important inhabitants of the guts of termites and wood cockroaches (Paster & Dewhirst, 2000) , and cellulose is an important compound in the gut of wood-eating insects. Strain JC227 T with the most closely related members of the genus Spirochaeta. The tree was reconstructed by the NJ method using the MEGA6 software and rooted by using Brachyspira aalborgi 513A T as the outgroup. Numbers at nodes represent bootstrap values (based on 1000 resamplings) and bootstrap percentages refer to NJ/ML/ME analysis. GenBank accession numbers are shown in parentheses. Bar, 2 substitutions per 100 nucleotide positions. The collapsed groups represent the following taxa: Sphaerochaeta coccoides DSM 17374 T (GenBank accession no. CP002659), Sphaerochaeta associata GLS2 T (JN944166), ).
Fatty acids and polar lipids of all five strains were analysed from cultures grown in alkaline medium with sucrose as the carbon source. Cells were harvested by centrifugation (10 000 g for 15 min at 4 8C) on reaching a cell density of 70 % of the maximum optical density (100 % was equivalent to an OD 540 of 0.8) and the lyophilized pellet was used for analysis. Cellular fatty acids were methylated, separated and identified according to the instructions for the Microbial Identification System (Microbial ID; MIDI 6.0 version; method RTSBA6) (Sasser, 1990 ) (revised78; http://www.midi-inc.com); the analysis was performed by Royal Research Laboratories, Secunderabad, India. Summed feature C 18 : 1 v7c/C 18 : 1 v6c was the major fatty acid of all five strains. In addition, C 12 : 0 , C 14 : 0 , C 16 : 0 , C 16 : 1 v5c, C 15 : 1 v6c, C 17 : 0 2-OH and C 16 : 1 v6c/ C 16 : 1 v7c were present in strain JC227 T (Table 1) . Strain JC227 T differed from its closest phylogenetic neighbours in its fatty acid composition (Table 1) . . Characterization of all five strains was done at the authors' laboratory under identical conditions. All strains are catalase-and oxidase-negative, are negative for indole production and grow optimally at 30-35 8C. +, Present/utilized; 2, absent/not utilized. Diphosphatidylglycerol, phosphatidylglycerol and an unidentified glycolipid are present in all strains. Polar lipids were extracted from 1 g freeze-dried cells with methanol/chloroform/saline (2 : 1 : 0.8, by vol.) as described by Kates (1986) . Lipids were separated using silica gel TLC (Kieselgel 60 F 254 ; Merck) by two-dimensional chromatography using chloroform/methanol/water (75 : 32 : 4, by vol.) in the first dimension and chloroform/methanol/acetic acid/water (86 : 16 : 15 : 4, by vol.) in the second dimension (modified after Tindall, 1990a, b; Oren et al., 1996) . Total polar lipids were detected by spraying with 5 % ethanolic molybdophosphoric acid and further characterized by spraying with ninhydrin (specific for amino groups), molybdenum blue (specific for phosphates), Dragendorff reagent (quaternary nitrogen) or a-naphthol (specific for sugars) (Kates, 1972; Oren et al., 1996) . Whole-cell polar lipid analysis revealed the presence of diphosphatidylglycerol, phosphatidylglycerol and an unidentified glycolipid as the major polar lipids, with minor amounts of six unidentified lipids in all five strains tested (Fig. S2 ).
Culture supernatant of cells grown on sucrose of all five strains was used for the extraction of exometabolomes and analysed by GC-MS as described previously (Sravanthi et al., 2015) . Metabolite footprints of strain JC227 T , S. odontotermitis JC202 T , S. americana DSM 14872 T , S. alkalica DSM 8900 T and S. sphaeroplastigenens JC133 T showed distinct variations (Fig. S3 ). All five strains produced several organic acids, sugar acids, sugars, nitrogencontaining compounds, carbonyl compounds, alcohols, oxygen-and sulfur-containing compounds, amino acids, hydrocarbons and drug intermediates (Table S1 ). Further, principal component analysis clearly distinguished all five strains based on their exometabolomes (Fig. S4 ).
Strain JC227
T was sufficiently distinct from its closest phylogenetic neighbours, S. odontotermitis JC202 T , S. americana DSM 14872 T , S. alkalica DSM 8900 T and S. sphaeroplastigenens JC133 T , both phenotypically (fermentation products, utilization of organic substrates, oxygen relationship, salinity tolerance, fatty acids) (Table 1) and genotypically (DNA-DNA hybridization) to justify the assignment of strain JC227
T to a novel species. However, the entire clade comprising strain JC227 T , S. odontotermitis JC202 T , S. americana DSM 14872 T , S. alkalica DSM 8900 T and S. sphaeroplastigenens JC133 T has significant morphological, physiological, biochemical and metabolic differences from other species of the genus Spirochaeta (Table 2) . Further, the lack of a type strain or 16S rRNA gene sequence for the type species (Spirochaeta plicatilis) of the genus Spirochaeta has led to heterogeneity in the genus and thus the recommendation for its reclassification into several new genera (Ben Hania et al., 2015) . We propose that the clade comprising strain JC227 T , S. odontotermitis JC202 T , S. americana DSM 14872 T , S. alkalica DSM 8900 T and S. sphaeroplastigenens JC133 T should be accommodated in a new genus, for which we propose the name Alkalispirochaeta gen. nov. The novel genus can be clearly distinguished from the most closely related species, Spirochaeta halophila. The proposed new genus and the recently described genus Salinispira (Ben Hania et al., 2015) both include halophilic species (Table 2) . Despite the reclassification of five species, heterogeneity persists in the genus Spirochaeta, and any further reclassification is beyond the scope of this study; indeed, it requires more critical analysis of the genomes of type strains.
Description of Alkalispirochaeta gen. nov. [Al.ka.li.spi.ro.chae9ta . N.L. n. alkali alkali from Arabic n. al-qaliy the ashes of saltwort; N.L. fem. n. Spirochaeta a bacterial genus; N.L. fem. n. Alkalispirochaeta alkali(-tolerant) relative of Spirochaeta ].
Alkalispirochaeta
Helical cells are motile, Gram-stain-negative, 0.1-0.5 mm wide and 8-20 mm long, and loosely coiled with irregularly untied regions; ends of cells are pointed. Most known species are obligately anaerobic, but a few are aerotolerant. Most known species cannot form colonies on solid support. Spheroplasts are commonly formed in stationaryphase cultures. Growth occurs optimally at pH 9.5-10 (range pH 8.5-11.0). Tolerate up to 10 % NaCl, with optimum growth at 1 %. Mesophilic; optimum growth at 35 uC. Cannot grow in nitrogen-free medium. Sulfide and complex vitamins are essential for growth. Tests for catalase, indole production and gelatin hydrolysis are negative. Resistant to rifampicin and kanamycin. Summed feature C 18 : 1 v7c/C 18 : 1 v6c, C 14 : 0 and C 16 : 0 are the major fatty acids. C 17 : 0 2-OH is the major fatty acid alcohol. Isoprenoid biosynthesis occurs through the 3-hydroxy-3-methylglutaryl coenzyme A (HMG) pathway. Diphosphatidylglycerol, phosphatidylglycerol and an unidentified glycolipid are the major polar lipids. The DNA G+C content is 55.5-58.5 mol%. The type species is Alkalispirochaeta alkalica.
Description of Alkalispirochaeta alkalica comb. nov.
Basonym: Spirochaeta alkalica Zhilina et al. 1996. The description is identical to that of Zhilina et al. (1996) for Spirochaeta alkalica. The type strain is strain Z-7491
Description of Alkalispirochaeta cellulosivorans sp. nov.
Alkalispirochaeta cellulosivorans (cel.lu.lo.si.vo9rans. N.L. neut. n. cellulosum cellulose; L. pres. part. vorans devouring; N.L. part. adj. cellulosivorans cellulose devouring).
Cells are 0.1-0.2 mm wide and 10-20 mm long. Obligately anaerobic; can tolerate transfers in air. Growth occurs at pH 9.0-11 (optimum pH 9.5-10.0). Tolerates up to 10 % NaCl, with optimum growth at 1 %. (Greenberg & Canale-Parola, 1976; Shivani et al., 2015; Zhilina et al., 1996; Pikuta et al., 2009; Breznak & Canale-Parola, 1975; Breznak & Warnecke, 2008; Miyazaki et al., 2014; Dubinina et al., 2011; Aksenova et al., 1992; Fracek & Stolz, 1985; Magot et al., 1997) 2, Absent; 1+, .1 and j5 %; 2+, .5 and j20 %; 3+, .20 and j40 %. "Based on data available from genome sequences, which include S. sphaeroplastigenens JC133 T and strain JC227 T (our own unpublished data).
